The Sirjan mylonite nappe is part of the HP-LT Sanandaj-Sirjan Metamorphic Belt (Zagros Orogenic Belt, Iran). This nappe was emplaced in a transpressional regime during oblique convergence between the Afro-Arabian Continent and Central Iranian Microcontinent. In order to investigate the type of flow, fabrics from deformed quartz and K-feldspar porphyroclasts were analyzed. Quantitative finite strain (R XZ = 1.9-3.8) and mean kinematic vorticity number (W m = 0.60-0.85) analyses revealed that both the strain ratio and the simple shear component of deformation increase towards SE along a 2 km long NW-SE-oriented transect. Analysis of quartz and K-feldspar textures suggests shearing at c. 400-650 °C. We also conclude that deformation in the Sirjan mylonite nappe began with nearly pure shear flow but became a more simple-shear flow in character as strain accelerated. : kinematics, mylonite, vorticity, strain path, deformation, Zagros Orogenic Belt Received: 29 June, 2015; accepted: 23 October, 2015; handling editor: J. Žák by various mechanisms such as gravitational gliding (requires sliding of the thrust sheet over a generally down-dipping basal slope) or gravitational spreading (horizontal spreading and vertical shortening of a pile of nappes under their own weight) (Jeffreys
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This study focuses mainly on the description and analyses of quartz and K-feldspar porphyroclasts along a c. 2 km long NE-SW transect across the Sirjan mylonite nappe, Iran. These data provide new kinematic constraints on the shear zone development associated with exhumation of medium-to high-grade metamorphic rocks in the HP-LT Sanadaj-Sirjan Metamorphic Belt. This belt is characterized by ductile transpressional deformation (Mohajjel and Fergusson 2000; Sarkarinejad and Azizi 2008; Sarkarinejad et al. , 2014 , which accommodated deformation and displacement of metamorphic rocks during oblique collision between the Afro-Arabian Continent and the Central Iranian Microcontinent (Alavi 2004).
Introduction
Thrust-related ductile zones of high strain are regions with non-coaxial strain histories localized in planar or curviplanar collision zones (Regenauer-Lieb and Yuen 2003; Vauchez and Tommasi 2003; Williams and Jiang 2005; Xypolias and Kokkalas 2006; Mukherjee 2012; Mukherjee and Biswas 2014) . Such high-strain shear zones are encountered commonly in crystalline basement rocks (Ramsay 1980; Passchier et al. 1993) and are useful for geometric and kinematic analyses. These zones, at all scales from sub-microscopic shear bands to zones of intense deformation tens of kilometers wide, occur in the different tectonic settings Passchier et al. 1993; Burg 1999; Carreras 2001; Xypolias et al. 2007) . The high-strain zones accommodate significant part of the total deformation in the middle and lower crust and subcrustal lithosphere. The mineral assemblages and geometries of structures within mylonites are good indicators for evaluation of kinematics of these high-strain zones. Some mineral grains such as K-feldspar, quartz, garnet and amphibole in a relatively weaker matrix have received much attention for their kinematic significance. They allow determination of sense of shear or kinematic vorticity number, distinguishing different deformation events, as well as finite strain and deformation temperature (Passchier and Trouw 2005; Iacopini et al. 2008; Hamimi et al. 2014; Mukherjee 2011 Mukherjee , 2013 Mukherjee , 2014 Mukherjee , 2015 Samani 2013; Faghih and Soleimani 2015) .
Kinematic and strain components of movement and emplacement in a thrust sheet or nappe are controlled Central Iranian Microcontinent (Stöcklin 1968; Berberian and King 1981; Alavi 1994; Blanc et al. 2003; McQuarrie et al. 2003; Sheikholeslami et al. 2008; Agard et al. 2011; Faghih and Sarkarinejad 2011; Mouthereau 2011) . From NE to SW, the Zagros region can be divided into three principal tectonic units (Alavi 1994) ( Fig. 1): (1) The Urumieh-Dokhtar Magmatic Belt (2) The Sanandaj-Sirjan HP/LT-HT/LT Metamorphic Belt, and (3) The Zagros Fold and Thrust Belt.
The Sanandaj-Sirjan Metamorphic Belt, 150-200 km wide and over 1500 km long, extends from NW (Sanandaj) to SE (Sirjan) in southeastern Iran (Fig. 1) . The belt has been subdivided into southwesterly HP/LT and northeasterly LP/HT domains (Sarkarinejad 1999) . Structure of this metamorphic belt is dominated by numerous forethrusts transporting rocks towards SW in a piggyback style (Alavi 1994; Mohajjel and Fergusson 2000) .
The study area, located 25 km south of Sirjan city, is a basement window (Sirjan Window) in the HP-LT domain (Fig. 1) . The Sirjan basement window consists of up to several hundred meters thick package of gneissic rocks with a NNE-trending foliation. These rocks structurally overlay the Sirjan thrust sheet. The metamorphic grade decreases from top to bottom as the Sirjan thrust sheet separates gneissic rocks in the hanging wall from a complex of lower grade metamorphic rocks in the footwall. The thrust plane is sub-parallel to the mean foliation in both hanging wall and footwall blocks. Strike of the thrust plane varies from about 170 to 190° with an average dip of about 20° to the WNW (Fig. 1) . The footwall block comprises deformed greenschists, calc-silicate schists, slates, phyllites, graphite schists and quartzites. These metamorphosed rocks display two generations of subhorizontal stretching lineations defined by long axes of sheared quartz ribbons and amphibole aggregates: L 1 lineation plunges to the ~S to ~SSW and L 2 lineation plunges to the ~WSW (Fig. 1) . Footwall rocks also show pervasive S/C fabrics and asymmetric boudins that reveal top-to-the SW sense of shear ( Fig. 2a-b) .
The gneisses are variably mylonitized from protomylonitic augen gneiss through mylonitic orthogneiss to ultramylonite. The main mineral assemblage of these rocks is quartz + K-feldspar + plagioclase + biotite + muscovite + amphibole and indicates greenschist-to amphibolites-facies conditions during mylonitization. Penetrative foliation is defined by alignment of mica grains and stretched quartz and K-feldspar grains. The orientation of the main foliation varies from 198°, 25°NW to 165, 30°SW. This foliation is overprinted by an asymmetrical crenulation cleavage, commonly oriented at c. 30° to the main foliation. The σ-type and δ-type K-feldspar porphyroclasts in a fine-grained matrix indicate top-to-the-SW sense of shear ( Fig. 2c-d ).
Finite strain analysis
Finite strain ratios (R XZ , R XY and R YZ ) were estimated using the R f /Φ method (Dunnet 1969; Ramsay and Huber 1983; Lisle 1985) from rotated K-feldspar porphyroclasts in oriented thin sections (Klepeis et al. 1999; Poli and Oliver 2001; Xypolias et al. 2010; Kassem 2014) . The sections were cut parallel to the foliation (XY plane of strain), normal to the foliation and parallel to the lineation (XZ plane of strain) and normal to the foliation and lineation (YZ plane of strain). In each section, aspect ratios (a/b) were determined from the longest (a) and shortest (b) axes of the porphyroclasts. The angle Φ was measured between the long axes of porphyroclasts and the inferred principal extension direction as a reference line for each thin section (Fig. 2a) . It seems that the principal extension direction is subparallel to the C-plane in S-C mylonites. At least 50 rotated porphyroclasts of σ and δ types were measured in each thin section. By using the Rf/Φ software (Chew 2003) , the R f /Φ diagrams were constructed (Fig. 3 ) and compared to the standard 'onion curves' in which the θ-distribution test (χ 2 ) was used to find the best-fitting R s curve (Lisle 1985) . In addition, the symmetry was used as a test of the initial random orientation. The data are presented in Tab. 1.
Assuming a constant-volume deformation, the 3D strain was determined by combining 2D data from the inferred R XY and R YZ principal planes of the strain ellipsoid (Ramsay and Huber 1983) . The dominant crystal-plastic deformation indicated by the subgrain-rotation-recrystallization microstructure (Hirth and Tullis 1992) and no microstructural evidence for solution transfer both In the Sirjan mylonite nappe (Fig. 4a) , the finite strain data plot in both the apparent flattening and constrictional fields but they generally lie close to the plane-strain line (average k = 1.05). Moreover, samples from the gneissic rocks show strain magnitude expressed by the Nádai octahedral shear strain (ε s ) ranging from 0.70 to 1.67 (Tab. 2).
Finite strain profiles
The results of strain analysis are plotted in Fig. 4b . The graph illustrates the variation in R xz (strain ratio in XZplane) values versus distance above the thrust plane. The strain magnitude increases nonlinearly (possibly negatively exponentially) towards the lower structural levels of the gneissic rocks. In detail, the R xz values decrease from 3.8 near the basal thrust to ~1.9 at a projected vertical distance of 497 m above it.
Vorticity analysis
The kinematic vorticity number (W k ) is defined as the ratio of pure and simple shear deformation, ranging from zero to one for pure and simple shearing, respectively (Means 1994). The terms sub-simple shear or general shear are used for intermediate cases between these end-member deformation regimes (Passchier and Trouw 2005) . The spatial and temporal variations of vorticity in rocks can be estimated by using a time-averaged (assuming steady-state deformation history), mean kinematic vorticity number Tab. 1 Finite strain data (R s ) using the R f /φ method with index of symmetry test (I SYM ) and θ-distribution test (c 2 ). Langille et al. 2010; Thigpen et al. 2010) argued that vorticity of flow can affect the rotation of rigid porphyroclasts embedded in a deforming ductile matrix. In order to constrain the distribution of coaxial and non-coaxial shear components of deformation, two analytical approaches were applied here: the rigid-grain and the quartz grain shape foliation methods.
rigid-grain method
The rigid-grain method (Passchier 1987; Wallis et al. 1993; Jessup et al. 2007 ) was applied to hand specimens and thin sections cut perpendicular to the foliation and parallel to the lineation (XZ-plane). The porphyroclast aspect ratio method (Passchier 1987 ) uses a population of asymmetric tailed porphyroclasts with varying aspect ratios (R = long axis/short axis). This method records graphically the rotational behavior of porphyroclasts in the XZ plane by plotting a sectional clast shape factor B (= (R 2 -1)/(R 2 + 1) against the angle φ between the long axis of clast and the flow plane (Passchier 1987) . For high-strain mylonite, the straight tails of porphyroclasts are considered to be parallel to the flow plane (= C-plane/main foliation/mylonitic foliation). In most published studies the trace of mesoscopic foliation has been taken as the reference line. Jessup et al. (2007) proposed a new graphical technique, the Rigid Grain Net (RGN), which unifies the rigid grain vorticity methods. The vertical parts of the positive and negative semihyperbolae of the RGN are used to determine the critical shape value (B c *), which separates grains that reached a stable orientation from those that rotated freely. The W m value can be determined directly from B c * 
Quartz grain shape foliation method
This approach was proposed by Wallis (1995) and is based on the theoretical relationship between vorticity and the orientation of lines of zero instantaneous rotation (the flow apophyses) and instantaneous stretching axes (ISA). In other words, the orientation of elongated dynamically recrystallized quartz grains relative to the flow plane in a given sample can be used to estimate the kinematic vorticity number W k (Passchier 1988; Wallis 1995) . The orientation of the flow plane is determined by drawing a line perpendicular to the central segment of the cross-girdle c-axis fabric on the XZ fabric diagram (Fig. 6a) . The angle between foliation and the inferred flow plane is denoted as β. The orientation of the ISA is obtained by measuring the orientation of elongate dynamically recrystallized quartz grains in XZ thin section. Then, from the population of measured grains, the maximum angle of obliquity (δ max ) between the foliation and the long axes of these grains can be determined. Measuring the angles β and δ, we can estimate W k as W k = sin 2(β + δ) (Wallis 1995; Fig. 6b ).
In the Sirjan Mylonite Nappe, quartz grain shape foliation method has proved to be applicable to deformed rocks which are characterized by alignment (S B ) of dynamically recrystallized elongate grains oblique to the main foliation (S A ) and by a well-developed central girdle segment of the cross-girdle c-axis fabric. In order to accurately define the ISA, δ was measured on c. 130 quartz grains per sample (Fig. 6c) . The best estimates of the δ values are listed in Tab 
Deformation temperature
Feldspar and quartz are abundant minerals in the gneissic rocks, so deformation microstructures of these minerals play a critical role in estimating the deformation temperature (T) (Fitz Gerald and Stünitz 1993; Lloyd and Freeman 1994; Altenberger and Wilhelm 2000; Hirth et al. 2001; Stipp et al. 2002a, b; Law et al. 2004; Law 2014) . In naturally-deformed rocks, brittle fracturing of K-feldspar starts at T ~ 400 °C (Passchier and Trouw 2005) . Bulging recrystallization grain boundaries (BLG) of K-feldspar are common at T ~ 400-600 °C (Borges and White 1980; Gapais 1989; Gates and Glover 1989; Tullis and Yund 1992; Simpson 1998; Shigematsu 1999; Tullis 2002) . Dislocation climb and recovery in K-feldspar begin at T ≥ 450 °C, and subgrain rotation recrystallization (SGR) becomes important at T ~ 500-550 °C (Simpson 1985; Gapais 1989; Fitz Gerald and Stünitz 1993; Pryer 1993) . Above 600 °C, K-feldspar grains deform by SGR and BLG recrystallization that may involve the growth of myrmekite (Vidal et al. 1980; Olsen and Kohlstedt 1985; Tullis and Yund 1985; Simpson and Wintsch 1989; Pryer 1993; Kruse and Stünitz 1999; Altenberger and Wilhelm 2000) .
In addition, ductile deformation of quartz is typically defined either by the dislocation creep regimes (Hirth and Tullis 1992) or by mechanisms operating during recrystallization: bulging recrystallization, subgrainrotation recrystallization, and grain-boundary migration recrystallization (GBM) (Stipp et al. 2002a) . Stipp et al. (2002a, b) correlated these three dynamic recrystallization mechanisms to temperatures in nature: BLG is dominant between ~280 and 400 °C, whereas SGR prevails between 400 and 500 °C, and the transition to GBM occurs at ~500 °C.
Microscopic observations demonstrate that K-feldspar and quartz deformed by dynamic recrystallization in the Sirjan nappe mylonites. Some K-feldspar porphyroclasts show deformation in the form of patchy undulose extinction or deformation twinning. Especially larger grains have been affected by synthetic and antithetic shear frac- tures (Fig. 7a) . Core and mantle structures show bulging and dislocation climb in ~30 % of K-feldspar grains (Fig.  7b) . Retrogressive alteration of K-feldspar to muscovite and quartz is common and was probably associated with the cooling of the Sirjan gneissic rocks. Quartz grains have serrated boundaries and fine grain sizes indicative of GBM recrystalization, while K-feldspar BLG and SGR are widespread in thin-sections (Fig. 7c) . In quartz-rich samples, recrystallized grains show oblique grain-shape preferred orientations (Fig. 6b) and confirm the overall top-to-the-SW sense of shear.
Discussion
We analyzed petrofabric of K-feldspar and quartz-rich samples from the hanging wall of the Sirjan Thrust in order to deduce the flow history of the exhumed gneissic rocks during metamorphic peak. Quantitative finite strain analyses demonstrate that the strain ratio increases structurally downwards the Sirjan Thrust. The structurally higher part of Sirjan thrust sheet is characterized by high strain magnitude associated with plane strain deformation. Deformation in the structurally deeper sections occurred under approximately plane strain conditions and was characterized by a lower strain magnitude (Fig. 4a) .
Results of the vorticity analysis of each sample were plotted against structural distance above the basal thrust sheet to examine the spatial variation of W m values within deformation zones as well as the consistency of the both methods (Fig. 8) . Bars in Fig. 8 reflect the degree of uncertainty in the input data. Our observations indicate that the deformation of rocks in the Sirjan mylonite nappe was characterized by W m values (~0.78) that are highest close to the basal thrust sheet and decrease structurally downwards, reaching a value of ~0.46 at a structural distance of c. 500 m above the thrust sheet. Given the vorticity profile, comparison between W m estimates obtained from methods I and II suggests that method II may overestimate the simple shear component close to the thrust sheet (e.g. Langille et al. 2010; Xypolias et al. 2010) . It should be noted that if the central part of the quartz c-axis fabric girdle rotates in the shear direction with progressive shearing, as was the case in recent general shear experiments by Heilbronner and Tullis (2006) , then results of this method would overestimate W k . The mean kinematic vorticity number estimates from mylonites in the study area range from 0.46 to 0.76 (40-70% pure shear) using the rigid-grain method (n = 8) and between 0.74 and 0.93 (20-30% pure shear) using the oblique quartz grain shape foliation method (n = 3). Vorticity constrained using quartz shape fabrics shows a higher component of simple shear than that estimated using rigid porphyroclasts. Assuming that the quartz is more sensitive to late-stage changes in deformation than the rigid porphyroclasts, W m estimates derived from the quartz fabrics can be interpreted as recording the last increments of ductile deformation (Wallis 1995; Xypolias 2009 ).
The temporal variations of natural flow are, however, difficult to demonstrate from kinematic indicators (Jiang and White 1995; Fossen and Tikoff 1997; Xypolias 2001) . Fossen and Tikoff (1997) showed the importance of temporal variations of flow type during deformation and suggested that deformation that undergoes minimum strain path commences close to simple shear but rapidly changes to a more pure shear dominated flow.
Moreover, earlier quantitative field studies from the Main Central Thrust Zone of NW Himalaya (e.g. 1992, 1995) , have shown that in natural shear zones the assumption of decelerating and accelerating strain paths appeared to be valid, at least as a qualitative approach. A decelerating strain path is a special type of deformation path, where the kinematic vorticity number decreases as deformation proceeds. On the other hand, an increase in simple shearing during the final increment of ductile deformation implies an accelerating flow path (Xypolias 2010) . Based on these ideas, we suggest that thrusting exhumation/extrusion (Beaumont et al. 2004 ) along the Sirjan mylonite nappe may also have involved such a non-steady-state deformation path. Comparison of these strain data with the theoretical curves in Fig. 4a and Tab. 2 confirms that the shear strains increase down to the basal thrust sheet. Spatial variation of strain in combination with the spatial variation of the kinematic vorticity number implies a heterogeneous pattern of deformation in Sirjan mylonite nappe.
K-feldspar in the mylonites of the study area exhibits widespread recrystalization with the BLG or a mixture of BLG and SGR. These recrystalization types indicate deformation temperature of 500-650 °C (Passchier and Trouw 2005) . In addition, within some samples, quartz experienced SGR recrystallization and K-feldspar porphyroclasts deformed by brittle fracturing which indicates deformation temperatures of 400-500 °C (Fig. 7a) . In such samples, quartz GBM recrystallization was overprinted by SGR recrystallization. The rare quartz BLG recrystallization suggests that temperatures were probably in the transitional zone between BLG and SGR. Mylonitization temperatures inferred from quartz microstructure are similar to estimates from K-feldspar recrystallization.
These petrofabric observations suggest that earlier pure shear dominated flow was associated with quartz GBM and K-feldspar SGR recrystallization (rigid-grain method) at higher temperatures and was overprinted by non-coaxial flow (quartz grain shape foliation method) at lower temperatures (Langille et al. 2010) . It seems that the rigid-grain method (40-70% pure shear) records an early part of the exhumation history when deformation was in transition from high-temperature distributed shear located to mylonite (Fig. 8) . This was followed by quartz fabrics with W m indicating 20-40% pure shear; we interpret these values as recording a later part of the deformation history when these rocks were exhumed (Fig. 8) . The data show a spatial and temporal variation in deformation that progressed from dominantly pure shear to dominantly simple shear deformation during exhumation and cooling from 650 to 400 °C. Assuming a linear, steady-state geothermal gradient of ~30 °C/km for the orogenic crust, the Sirjam gneissic nappe may have developed at depths of ~13-21 km. The exhumation of the Sirjan mylonite nappe and the associated spatial and temporal patterns of inferred flow kinematics and deformation temperature are consistent with other high-grade nappes described elsewhere (e.g. Jessupe et al. 2006; Law 2010; Xypolias et al. 2010; Law et al. 2013 ).
Conclusions
Detailed microstructural data and kinematic analyses carried out on deformed gneisses of the Sirjan mylonite nappe within Zagros Orogenic Belt suggest that they record deformation under greenschist-to amphibolitesfacies conditions. 3D strain analyses using the K-feldspar porphyroclast populations as strain markers indicate that mylonitic samples lie close to the plane strain path (k = 1) on the Flinn diagram. Finite strain ratios and shear strain for the hanging wall are the highest (R xz = 3.8 and ε s = 1.67) close the Sirjan Thrust plane. Quantitative kinematic vorticity and microstructural analyses show that deformation within the Sirjan mylonite nappe involved general non-coaxial flow with contemporaneous contributions of pure and simple shear. The relative contributions of simple shear presumably changed with time: the earlier exhumation stage developed during a pure-sheardominated regime whereas the later exhumation stage took place in simple-shear-dominated deformation (i.e. a accelerating strain path). Spatial variation in the deformation path is demonstrated by changes from simple shear to more pure shear components with increasing structural distance from the basal thrust sheet.
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